During the development and maturation of sensory neurons, afferent activity is required for normal maintenance. There exists a developmental window of time when auditory neurons, including neurons of the anteroventral cochlear nucleus (AVCN), depend on afferent input for survival. This period of time is often referred to as a critical period. The cellular and molecular mechanisms that underlie AVCN neuron susceptibility to deafferentation-induced death remain unknown. Here, we show that only during this critical period deafferentation of mouse AVCN neurons by in vivo cochlea removal results in rapid nuclear translocation and activation of the transcription factor NFATc4 (nuclear factor of activated T-cells isoform 4). NFAT activation is abolished by in vivo treatment with the calcineurin inhibitor FK506 and the specific NFAT-inhibitor 11R-VIVIT. Inhibition of NFAT significantly attenuates deafferentation-induced apoptosis of AVCN neurons and abolishes NFAT-mediated expression of FasL, an initiator of apoptotic pathways, in the cochlear nucleus. These data suggest that NFAT-mediated gene expression plays a role in deafferentation-induced apoptosis of cochlear nucleus neurons during a developmental critical period.
Introduction
Activity-dependent survival of neurons during a critical period of development is a common theme shared by sensory neurons in the CNS (Simmons et al., 1981; Trune, 1982; Born and Rubel, 1985; Lipton, 1986; Hashisaki and Rubel, 1989; Catsicas et al., 1992; Mostafapour et al., 2000) . In the auditory system, cochlea ablation (CX) eliminates the primary source of excitatory afferent input to the ipsilateral cochlear nucleus and therefore provides a useful model for studying the effects of deafferentation on the survival or death of cochlear nucleus neurons (Parks, 1999; Oertel and Young, 2004; Lu et al., 2007) . Although recent studies suggest reinnervation of deafferented anteroventral cochlear nucleus (AVCN) neurons by excitatory synapses (Lu et al., 2007) , this does not occur until 5-9 d after cochlea ablation, long after the cell death process is complete. Developmentally, there is a limited time during which removal of afferent activity results in the death of a significant subpopulation of auditory neurons in several animal models, including AVCN of the mouse and gerbil (Tierney et al., 1997; Mostafapour et al., 2000) , as well as nucleus magnocellularis (NM) of the chick (Born and Rubel, 1985) , the avian homolog of the mammalian AVCN. For example, 61% of AVCN neurons die in mice deafferented at postnatal day 5 (P5); this percentage declines with age and is absent by P14. During maturation, the neurons undergo a transformation from being susceptible to deafferentation-induced death to being resistant to the same manipulation. The biological switch that transforms the way in which these neurons respond to removal of afferent input is yet to be characterized, although many likely cellular and molecular candidates have been suggested in both the auditory (Rubel et al., 2004; Harris et al., 2005) and visual (Taha and Stryker, 2005) systems.
After deafferentation of chick NM neurons, a rapid rise in intracellular calcium concentration ([Ca 2ϩ ] i ) (Zirpel et al., 1995) activates the transcription factor cAMP response elementbinding protein (CREB), leading to transcription of prosurvival proteins (Zirpel et al., 2000) . All of the NM neurons show an increase in [Ca 2ϩ ] i , but only a subpopulation activate CREB and survive deafferentation. The pathway culminating in NM neuron death has not been characterized but has been shown to be Ca 2ϩ dependent (Zirpel et al., 1998) . Neurons in the AVCN of mice also show an increase in [Ca 2ϩ ] i after deafferentation, both during and after the critical period of activity-dependent survival (L. Zirpel, unpublished observations). It is therefore plausible to hypothesize that this increase in [Ca 2ϩ ] i causes a cascade of calcium-mediated intracellular signaling events that elicit a sur-vival or death response in AVCN neurons within the critical period but not beyond. Therefore, a cellular mechanism must exist that differentiates the response to increased [Ca 2ϩ ] i during the critical period, but no longer functions in this context, is functionally offset by a different intracellular environment because of development (e.g., different gene products and proteins as suggested by Harris and Rubel, 2005) , or no longer exists after the critical period.
Calcium/calmodulin activation of the phosphatase calcineurin (CaN) (protein phosphatase 2B) results in dephosphorylation of target proteins (Klee et al., 1979; Gupta et al., 1985) . One such target is nuclear factor of activated T-cells (NFAT), specifically isoforms c1-c4 (Northrop et al., 1994; Ho et al., 1995; Ruff and Leach, 1995; Molkentin et al., 1998) . Dephosphorylation of NFATc leads to exposure of a nuclear localization sequence, translocation from the cytoplasm to the nucleus (Jain et al., 1993; Rao et al., 1997) , and transcription of specific target genes (Ruff and Leach, 1995; Luo et al., 1996; Graef et al., 1999) .
Expression of the membrane-bound death receptor ligand FasL is mediated by NFAT (Latinis et al., 1997; HoltzHeppelmann et al., 1998) . When FasL binds to its receptor Fas, the intracellular machinery associated with the death receptor Fas is activated and eventually leads to apoptosis by caspase activation and subsequent DNA cleavage (Itoh et al., 1991; Jayanthi et al., 2005) . Through this pathway, NFAT-dependent gene expression can actively regulate the induction of apoptosis (Kondo et al., 2003; Jayanthi et al., 2005) .
The goals of this study were to determine whether or not NFAT plays a role in deafferentation-induced death of cochlear nucleus neurons during the developmental critical period and to describe a possible pathway through which NFAT mediates neuron death after deafferentation. We show that NFAT activation and FasL expression are increased in the cochlear nucleus after deafferentation during the critical period. Inhibition of NFAT significantly attenuates the increase of FasL expression and neuronal death after deafferentation. These results introduce a novel pathway through which deafferentation-induced death of sensory neurons might be mediated.
Materials and Methods
Animals and surgery. P7, P14, and P21 C57BL mice (Harlan, Indianapolis, IN) were used for these studies, and procedures were approved by the Institutional Animal Care and Use Committee of the University of Minnesota. For all experiments, mice at these three ages were unilaterally deafferented by cochlea ablation (Mostafapour et al., 2000; Zirpel et al., 2000) while anesthetized with isoflurane. Ages stated for data are the age at which the surgery was performed. CX was performed by opening the tympanic membrane and removing the middle ear bones with fine forceps. The cochlear chamber was then penetrated with fine forceps, and the cochlear epithelium and modiolus were completely aspirated from the chamber through a pulled glass pipette with an approximate tip diameter of 0.7 mm. For P7 mice, a small incision was made inferior to the pinna to expose the ear canal. This incision was closed with cyanoacrylate glue after surgery. Mice were then returned to their cages with their mother until they were killed. After the animals were killed, a thick coronal section containing the brainstem was made with a razor blade and immediately immersed in oxygenated artificial CSF, whereas cochlear nuclei or whole brainstems were dissected and collected. Complete removal of the cochlea and modiolus was verified by examination of the cochlear bulla. For collections of cochlear nuclei, the nuclei on the side of the brain ipsilateral to CX were collected as deafferented tissue, and the nuclei on the side of the brain contralateral to CX were collected as control, or nondeafferented tissue. Tissue margins were determined using Figures 73-78 in The Mouse Brain Atlas (Paxinos and Franklin, 2001) as a guide to track the AVCN as well as the superficial glial zone and granular layer of the cochlear nucleus that mark the termination of the AVCN and the start of the posterior cochlear nucleus and the dorsal cochlear nucleus.
Drugs and administration. 11-R VIVIT (Calbiochem, Darmstadt, Germany), a cell-permeable peptide NFAT inhibitor, was dissolved in sterile saline to 8.40 mM and injected at concentrations of either 20 or 30 mg/kg. A higher dose of 35 mg/kg was injected but resulted in death of the animals shortly after injection. FK506 (Sigma, St. Louis, MO), a CaN inhibitor, was dissolved in DMSO to 3 mg/ml and then further diluted in sterile saline to 1.0 ng/l and injected at a dose of 1 mg/kg. Injections were made with a 10 l microsyringe and 30.5 gauge needle. Mice were anesthetized, and the area posterior to the bulla on the right side of the head was sterilized with 70% ethanol before receiving injection into the CSF. The area posterior to the bulla and just beneath the skull is in close contact with the right cochlear nucleus, allowing for efficient drug delivery to the cochlear nucleus neurons. This was verified by injection of fast green dye and visual verification of dye diffusion to the CSF surrounding the cochlear nucleus and staining of the cochlear nucleus neurons with the fast green dye. Saline injections of 2 l were administered for vehicle control (2 l was the maximum volume injected into a drug-treated animal). Drug injections were performed 90 min before surgery.
Fractionation of cellular lysates. Cytoplasmic and nuclear extracts were prepared using a nuclear and cytoplasmic extraction kit (NE-PER; Pierce, Rockford, IL). The protocol provided with the kit was followed with minor revisions. Cochlear nuclei were collected into 300 l of cytoplasmic extraction reagent (CER)-I containing 1ϫ protease inhibitor cocktail (Pierce) and 1ϫ phosphatase inhibitor cocktail (Pierce). Samples were immediately homogenized with seven strokes (4ϫ pestle A; 3ϫ pestle B) in a 1 ml Dounce homogenizer, vortexed at highest setting for 15 s, and incubated on ice for 10 min. Then, 16.5 l of ice-cold CER-II was added to each sample, vortexed for 5 s, and centrifuged at 14,000 ϫ g for 5 min. The supernatant was collected as the cytoplasmic fraction. The nuclear pellet was suspended in 100 l of nuclear extraction reagent containing 1ϫ protease inhibitor (Pierce) and vortexed on high for 15 s every 10 min for 40 min. This was followed by centrifugation at 14,000 ϫ g for 10 min and collection of the supernatant as nuclear lysate. All samples were kept on ice throughout the procedure. Centrifugation was performed at 4°C. Concentrations were determined using the BCA Protein Assay kit (Pierce). Lysates were stored at Ϫ80°C until used for Western blotting.
Western blot. Cochlear nuclei were collected into ice-cold radioimmunoprecipitation assay buffer containing 50 mM Trizma, 1 mM EDTA, 1% Triton X-100 with 1ϫ protease inhibitor cocktail (Pierce), and 1ϫ phosphatase inhibitor cocktail (Pierce) and immediately homogenized with tissue tearor while on ice. Samples were then centrifuged at 14,000 ϫ g for 15 min at 4°C. Supernatant was collected, and BCA assay was used to determine protein concentration. For a total sample volume of 37 l, lysates containing 30 g of protein were diluted with ␤-mercaptoethanol (1:10), 4ϫ lithium dodecyl sulfate buffer (final concentration 1ϫ), and dH 2 O, heated to 95°C for 10 min, and centrifuged for 5 min at 14,000 ϫ g. Samples were separated into a 10% SDS polyacrylamide gel and blotted onto a nitrocellulose membrane. Membranes were then cut in half to assay the high-molecular-weight bands separately from the lowmolecular-weight bands. Membranes were washed with 0.1 M PBS, pH 7.4, with 5% (w/v) powdered milk for 1 h and then incubated (overnight at 4°C) with one of the following primary antibodies diluted in PBS with 0.1% Triton X-100 (PBST) and 5% (w/v) powdered milk (antibody buffer): rabbit polyclonal anti-NFATc4 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal GAPDH (1:20,000; Millipore Bioscience Research Agents, Temecula, CA), or rabbit polyclonal anti-CREB (1:1000; Millipore, Billerica, MA). Membranes were washed in PBST five times for 5 min and incubated with one of the following secondary antibodies diluted in antibody buffer: goat anti-mouse Alexa-680 (1:20,000; Invitrogen, Carlsbad, CA) or goat anti-rabbit IRDye 800 (1:20,000; LI-COR Biosciences, Lincoln, NE). Membranes were washed seven times for 5 min and scanned with a LI-COR Odyssey infrared imaging system. The integrated intensity of fluorescence for each band (NFATc4, Ͻ120 kDa; FasL, 45 kDa; GAPDH, 38 kDa) was then determined. All levels were normalized to GAPDH levels. For fractionation analysis, the amount of nuclear translocation of NFATc4 was determined by first calculating the amount of nuclear NFATc4 in each sample set [control (CTL) or deafferented (CX)]: NFATc4 nucleus /NFATc4 total . These values were then used to calculate the percentage increase of nuclear NFATc4 after CX: [(nuclear NFATc4 CX /nuclear NFATc4 CTL) Ϫ 1) ϫ 100]. CREB is localized to the nucleus in AVCN neurons (X.-Q. Tang, J. I. Luoma, and L. Zirpel, unpublished observations) and was used to verify complete separation of nuclear lysate from cytoplasmic lysate.
Immunohistochemistry. After CX for the desired amount of time, brainstems were dissected from the cranium and immediately immersed and fixed in PBS with 4% paraformaldehyde at 4°C overnight and then 30% sucrose overnight at 4°C before embedding in OCT and freezing. Twenty micrometer cryosections were collected on gelatin-subbed slides and dried on a warming plate for 30 min. Immunohistochemistry for NFATc4 was performed by first rehydrating sections in PBS for 10 min, incubation in blocking buffer (0.1 M PBS, 1% bovine serum albumin, and 2% normal goat serum) 1 h at room temperature (ϳ70°F), and incubation with primary antibody [1:100, rabbit polyclonal anti-NFATc4 (Santa Cruz Biotechnology) or PBS for negative control] in blocking buffer with 0.3% Triton X-100 (antibody buffer) for 48 h at room temperature in a humidity chamber. Sections were then washed in PBS three times for 5 min and incubated with secondary antibody (1:1000, goat anti-rabbit Alexa-594; Invitrogen) in antibody buffer for 1 h at room temperature. Sections were washed five times for 5 min and mounted with FluorSave (Calbiochem). Apoptotic cells were identified using ApopTag Fluorescein In Situ Apoptosis Detection kit (Millipore Bioscience Research Agents). Product protocols were followed exactly. As a positive control, sections were pretreated with DNase buffer [30 mM Trizma, pH 7.2, 4 mM MgCl 2 , and 0.1 mM dithiothreitol (DTT)] for 5 min at room temperature, DNase I (1000 U/ml; Invitrogen) for 10 min at room temperature, and five times for 3 min in PBS washes before proceeding with the protocol. This resulted in ApopTag labeling of nearly all cells. As a negative control, terminal deoxynucleotidyl transferase was replaced with PBS, which resulted in no labeled cells.
Fluorescently labeled cells were visualized with a Nikon (Tokyo, Japan) TE300 Eclipse microscope using either a 100ϫ or 40ϫ Fluor oil objective, filter cube sets 31004 (Alexa-594), 31000v2 [4Ј,6Ј-diamidino-2-phenylindole (DAPI)], and 41017 (ApopTag) from Chroma Technology (Rockingham, VT), and a xenon light source (Sutter Instruments, Novato, CA). Digital images were acquired with a cooled CCD camera (Photometrics CoolSNAP Hq or Cascade 512f; Roper Scientific, Tucson, AZ) and MetaMorph Software (Universal Imaging, West Chester, PA). Images were processed/analyzed using Adobe Photoshop (Adobe Systems, San Jose, CA). Neurons in the AVCN were discerned from glia by morphology. For each animal, three images of both the left and right AVCN were taken from each of four separate sections (12 images of each AVCN) and used for cell counting. Values were averaged to obtain a single value for the left (control) and right (CX) AVCN per animal. Counts made were of neurons positively labeled for ApopTag, NFATc4 (cytoplasmic and/or nuclear), or only nuclear NFATc4. Nuclear staining was determined by overlap of NFATc4 staining with DAPI nuclear staining. To calculate the relative amount of nuclear NFATc4, the number of neurons positive for nuclear NFATc4 was divided by the total number of neurons positive for NFATc4 (cytoplasmic and/or nuclear). The effect of CX on the level of nuclear NFATc4 was determined by calculating the percentage increase of nuclear NFATc4: [(the ratio of nuclear NFATc4 on CX side/CTL side Ϫ 1) ϫ 100]. For immunohistochemical analysis, the change in nuclear NFATc4 was also verified by comparing the total area of NFATc4 and DAPI colocalization with the total area per image and was consistent with the reported cell count data.
Cell counts. At least four animals were used for each experimental group. Frozen sections, 20 m thick, were collected on microscope slides and stained using the following cresyl violet Nissl staining procedure: 100% EtOH for 2 min, xylenes for 2 min, 100% EtOH for 2 min, 70% EtOH for 2 min, 20% EtOH for 2 min, dH 2 O for 5 min, cresyl violet solution [0.1% (w/v) cresyl violet and 3% acetic acid] for 5 min, two dips in dH 2 O, two dips in differentiation solution 1 (70% EtOH and 10% acetic acid), two dips in differentiation solution 2 (100% EtOH and 10% acetic acid), 100% EtOH for 1 min, xylenes for 2 min, and then mounted with Permount (Sigma).
Four sections of each AVCN were chosen for counting, making sure to include anterior, middle, and posterior portions of the AVCN along the rostral/caudal axis. For each section, four 40ϫ images of the AVCN were acquired to include ventral, middle, and dorsal portions along the medial/lateral axis of the nucleus in the cell counts. The total number of neurons in each 40ϫ image was obtained, excluding glial cells based on morphology. Counting was performed by an unbiased observer with no knowledge of treatment group being counted. The average number of neurons per 40ϫ image was then calculated for each AVCN nucleus analyzed. The averages were used to compare the number of AVCN neurons ipsillateral to CX (CX) versus contralateral to CX (CTL) for each animal. The percentage of neuron loss after deafferentation was calculated for each animal using the following equation: [1 Ϫ (CX # of neurons/CTL # of neurons)] ϫ 100.
PCR. Total RNA was isolated from cochlear nuclei collected in RNAlater reagent using the RNeasy Micro kit and protocol (Qiagen, Valencia, CA). Tissue was homogenized with motorized tissue homogenizer followed by centrifugation through Qiashredder membrane (Qiagen). Total RNA was eluted with 13 l of sterile distilled H 2 O and yielded ϳ1 g of RNA. cDNA was synthesized by adding the following to the total eluted RNA: 1 l of oligo-D T20 (0.5 g/ml) and 1 l dNTP mix (10 mM). Mixture was heated to 65°C for 5 min, put on ice for 1 min and then 4 l of 5ϫ first-strand buffer, 1 l of DTT (0.1 M), 1 l of RNaseOUT (40 U/l), and 1 l of SuperScript III RT (200 U/l) were added to each sample before incubation at 25°C for 5 min, 53°C for 50 min, and 70°C for 15 min. Finally, 1 l of RNase-H was added to each cDNA sample and incubated at 37°C for 20 min. All RT reagents were purchase from Invitrogen. The cDNA was diluted to 40 ng/l with sterile dH 2 O and 1 l per reaction was used. Forward and reverse primers were diluted with sterile dH 2 O to 3.0 M, and a mix was made containing both forward and reverse primers at 1.5 M. Primer sequences used were ACCACAGTC-CATGCCATCAC (forward GAPDH), TCCACCACCCTGTTGCTGTA (reverse GAPDH), AAGCTTCAGCTCTTCCACCTG (forward FasL), ATGAATTCCTGGTGCCCATG (reverse FasL), GAGAATTGCTGAA-GACATGACAATCC (forward Fas), GTAGTTTTCACTCCAGACATT-GTCC (reverse Fas), CCGAAGTGGAGCAGAAGAAG (forward S15), CTCCACTGGTTGAAGGTC (reverse S15), TCATTGACACCACCTC-CAAA (forward RPL3), and GCACAAAGTGGTCCTGGAAT (reverse RPL3). Each 30 l of PCR reaction contained 15 l of DyNAmo HS SYBR green master mix (New England Biolabs, Ipswich, MA), 6 l of primer mix, 6 l of cDNA template, and 3 l of dH 2 O. The thermocycling protocol was as follows: 95°C for 15 min, 94°C for 10 s, 60°C for 30 s, 72°C for 30 s, and fluorescence data acquisition for a total of 40 cycles. Melting curves were generated to verify the specificity of the generated products. Each reaction was run in triplicate. Controls for DNA contamination of reagents were run using dH 2 O in place of cDNA template, and all yielded no PCR product as expected. Fluorescence of the SYBR green was detected using the Opticon2 thermocycler (MJ Research, Waltham, MA). Ct (cycle at which threshold fluorescence is reached) values for each sample were then collected at a threshold level of fluorescence set within the linear phase of amplification. All samples were analyzed using the semiquantitative ⌬⌬Ct method (Livak and Schmittgen, 2001 ) comparing expression between the deafferented and intact cochlear nuclei. Results are reported as mean fold changes in expression after CX (2 Ϫ⌬⌬Ct ). All values were normalized to GAPDH (or either S15 or RPL3 when noted) to control for loading. GAPDH was used again, because it has not been shown previously to be upregulated or degraded in the early stages of cell death. Upregulation of GAPDH in the nucleus has been shown in cultured neurons after the induction of oxidative stress by addition of AraC (Saunders et al., 1997; Chen et al., 1999) .
Analysis and statistics. At least three biological replications were performed for each experiment. For Western blots and semiquantitative reverse transcription (RT)-PCR, the cochlear nucleus tissue from three mice was pooled for each replicate. Control levels for each treatment group were not significantly different from each other, and the data were therefore normalized to their respective control, or nondeafferented values (CX/CTL). When ratios of CX/CTL were calculated, a paired t test was performed to determine whether the means were significantly different from the hypothetical value of 1.0 (indicated on graphs with a dotted line at 1.0), a value indicating no change after CX. Data are reported as the mean Ϯ SEM. ANOVAs with Bonferroni's post hoc tests were used to determine the difference between group means. One value greater than 2 SDs from the mean was removed from the RT-PCR nondrugtreated CX group. All statistical analyses were calculated using Prism 4.0 software (GraphPad Software, San Diego, CA).
Results
Activation of NFATc4 occurs only within the critical period of dependence on afferent activity for survival A critical period during development when AVCN neurons are susceptible to CXinduced death showed previously that deafferentation of AVCN neurons resulted in a 10-fold increase of apoptotic neurons at P7 and no increase at P21 as shown with terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUNEL) assay (Mostafapour et al., 2000) . These results were reproduced in this study as described by the following experiment. Mice at ages P7, P14, and P21 underwent unilateral CX to remove afferent input from cochlear nucleus neurons but leave the contralateral side intact as a control to which the deafferented tissue could be compared. This control was chosen because no difference in neuron death is observed between the AVCN neurons of mice that have not undergone CX compared with the AVCN neurons contralateral to CX. The cochlear nucleus neurons were deafferented for 24 h and labeled with ApopTag, a fluorescent TUNEL stain that labels fragmented DNA, indicating induction of apoptosis. The 24 h time point was chosen because TUNEL of AVCN neurons was shown previously to be maximal after CX at this time (Mostafapour et al., 2000) . Intact AVCN neurons contralateral to CX (CTL) at each age examined showed very few apoptotic neurons. However, in AVCN neurons ipsilateral to CX, apoptotic neurons at P7 were abundant. When CX was performed at either P14 or P21, there were very few apoptotic neurons in the CX AVCN (Fig. 1 A) . Quantification of these data showed that CX at P7 for 24 h leads to a significant increase in the number of apoptotic AVCN neurons compared with CTL. This is in contrast to deafferentation at P14 and P21 when CX did not result in an increase of apoptotic AVCN neurons (Table 1 , Fig. 1 B) . To confirm that ApopTaglabeled AVCN neurons eventually lead to death and a decrease in neuron number in the AVCN, neuron counts were performed after 96 h of CX, a time at which loss of AVCN neurons after CX has reached a maximum (Mostafapour et al., 2000) . In mice deafferented at P7, the percentage loss of AVCN neurons was significant, whereas at P14 and P21 the loss was not significant (Table   1 , Fig. 1C ). These data demonstrate that there is a developmental critical period during which the AVCN neurons are susceptible to CX-induced apoptosis that leads to neuron loss and that this critical period includes mice at age P7 but not ages P14 or P21, which are outside of this critical period. This is consistent with the results reported by Mostafapour et al. (2000) .
Because calcium-mediated events, such as rapid increase of intracellular calcium concentration or CREB phosphorylation, have been shown to result from removal of afferent input to auditory neurons (Zirpel et al., 1995 (Zirpel et al., , 2000 and the activation of the transcription factor NFATc4 is mediated by calcium (Jain et al., 1993; Crabtree and Olson, 2002) , we wanted to determine whether NFATc4 was activated in AVCN neurons after CX. NFATc4 is the predominant NFATc isoform in nervous tissue and is expressed in mouse brainstem nuclei (Bradley et al., 2005) . NFATc4 translocates from the cytoplasm to the nucleus on dephosphorylation and activation by CaN after a Ca 2ϩ signal that activates CaM (Ruff and Leach, 1995; Woischwill et al., 2005) . Therefore, NFAT activation was measured by the change in the amount of nuclear NFATc4 after CX by fractionation of the cytoplasmic and nuclear lysates of cochlear nucleus tissue followed by Western blot analysis. At P7, P14, and P21, NFATc4 was localized to the cytoplasm (C) of intact cochlear nucleus tissue (CTL). However, 15 min after CX, NFATc4 was detected in the nuclear lysate (N) at P7, but not P14 or P21 (Fig. 2 A) . Western blots (as shown in Fig. 2 A) with cochlear nucleus tissue that underwent CX for 15, 30, or 45 min were analyzed and demonstrated a time course of NFATc4 nuclear translocation after CX. The amount of NFATc4 in nuclear lysate increased rapidly at age P7 by 15 min after CX and returned to control levels by 30 and 45 min (Fig. 2 B) . Together, these results demonstrate that cochlear nucleus neurons of P7 mice are within a critical period of susceptibility to CX-induced death and that CX for as little as 15 min results in rapid and transient activation of NFATc4 in AVCN tissue as demonstrated by an increase in nuclear NFATc4.
To confirm that NFATc4 is activated after CX and that it takes place specifically within the neurons of the AVCN, the subcellular localization of NFATc4 after CX was analyzed using immunohistochemistry (Fig. 3A-D) . AVCN sections were labeled with NFATc4 (red) and DAPI for identification of nuclei (blue). For ages within (P7) and outside of (P14 and P21) the critical period, there was very little colocalization of DAPI and NFATc4 in the control AVCN neurons contralateral to CX, indicating that NFATc4 is mostly located in the cytoplasm in an inactive state under normal conditions (Fig. 3A-D, top) . In AVCN ipsilateral to CX, NFATc4 was significantly increased in the nuclei 15 min after CX at P7 as shown by the large amount of colocalization of NFATc4 and DAPI (green) (Fig. 3 A, B) . Magnification of the boxed area in Figure 3A is shown so that the change in colocalization can easily be visualized (Fig. 3B) . At ages outside of the critical period (P14 and P21), the amount of colocalization remained visually unchanged after CX, indicating that NFATc4 does not translocate to the nucleus after CX at ages outside of the critical period (Fig. 3C,D) . Quantification of the increase in nuclear NFATc4 in AVCN neurons after CX for 15, 30, 45, or 60 min showed that the amount of NFATc4 in the nucleus at P7 (Ⅺ) increased significantly after CX for 15 min. This level decreased with time but remained significant 30 min and 45 min after CX. The increase at P7 was absent by 60 min after CX. No increase of nuclear NFAT occurred for any of the time points at P14 (OE) or P21 (⅜) after CX ( Fig. 3E ; means compared with two-way ANOVA and Bonferroni's post hoc analysis). These results indicate that there is a dramatic shift in the localization of NFATc4 from the cytoplasm to the nucleus in AVCN neurons after CX during the critical period described here and that NFATc4 remains in the nucleus for up to 45 min after CX.
NFAT-dependent apoptosis
The cell-permeable peptide 11R-VIVIT binds to the calciummediated phosphatase CaN and specifically blocks its ability to activate NFAT, whereas other substrates targeted by CaN remain unaffected (Aramburu et al., 1999; Noguchi et al., 2004) . Additionally, FK506 is a less specific inhibitor of NFAT that works by inhibition of CaN (Liu et al., 1991; Steiner et al., 1992) .
To determine whether treatment with 11R-VIVIT or FK506 blocks NFATc4 activation in the cochlear nuclei of P7 mice in vivo after 15 min of deafferentation, mice were pretreated with 30 mg/kg 11R-VIVIT (VIV), 1 mg/kg FK506, or saline as vehicle control (sal). NFATc4 activation was determined by calculating the percent increase of nuclear NFATc4 within the AVCN on the side ipsilateral to CX compared with the side contralateral to CX by Western blot analysis of fractionated lysates (Fig. 4 A) . Pretreatment with VIV or FK506 abolished the CX-induced increase of nuclear NFATc4. Pretreatment with saline did not differ from the untreated group, and both groups showed an increase of Figure 2 . NFATc4 is activated in the cochlear nucleus after deafferentation during a developmental critical period. A, Data of Western blots with fractionated AVCN cellular lysates. NFATc4 is localized to the nuclear lysate (N) 15 min after CX at P7, but not P14 or P21, when it is predominantly localized to the cytoplasm (C) on both the CX and the CTL AVCN. CREB is shown as a control for efficient separation of nuclear and cytoplasmic lysates, because it is localized to the nucleus in AVCN neurons. B, Quantification of Western blots of cytoplasmic and nuclear lysates. Percentage increase of nuclear NFATc4 15 min (as shown in A), 30 min, and 45 min after CX. Significant increase of nuclear NFATc4 is seen only at P7 15 min after CX (26.6 Ϯ 1.28%; n ϭ 3; t ϭ 16.08; ***p Ͻ 0.001; means compared with 0.0 with paired t test).
nuclear NFATc4 after CX (Fig. 4 A) . These data demonstrate the specificity of the deafferentation-induced activation of NFATc4 by showing that pretreatment with a specific inhibitor of NFAT (Fig. 4 A,  VIV) or an inhibitor of CaN (FK506) (Fig.  4 A) abolishes deafferentation-induced activation of NFATc4. Recently, the activation of NFATc4 has been linked to the induction of apoptotic pathways in the CNS after drug administration and ischemia (Jayanthi et al., 2005; Zhang et al., 2005) . Because we have shown that CX induces NFATc4 activation in AVCN neurons at ages that are susceptible to CX-induced apoptosis, we asked whether or not CX-induced apoptosis is dependent on the activation of NFAT. Images of P7 CX AVCN neurons showed plentiful labeling with ApopTag in both untreated and saline-treated animals (Fig.  4 B) . In contrast, ApopTag labeling was significantly reduced in animals pretreated with 30 mg/kg 11R-VIVIT (Fig. 4 B, VIV  30) . Ratios of the number of ApopTaglabeled AVCN neurons on the deafferented side versus the intact side (CX/CTL) were significantly attenuated in mice pretreated with 20 mg/kg 11R-VIVIT (VIV 20), 30 mg/kg 11R-VIVIT (VIV 30), or FK506 (Table 1, Fig. 4C ). Means were also compared with 1.0 with a paired t test to determine whether the CX-induced ApopTag labeling was statistically significant; values are ratios of CX/CTL, and 1.0 represents no change after CX. The results indicate that treatment with 30 mg/kg 11R-VIVIT, FK506, or 20 mg/kg 11R-VIVIT did not completely eliminate an increase of ApopTag labeling after CX. The data in Figure 4 suggest that NFAT plays a role in the CX-induced apoptosis of AVCN neurons in mice at P7, an age that lies within the critical period.
To verify that apoptosis of AVCN neurons after CX eventually leads to the death and loss of AVCN neurons, neuron number was examined and compared between the AVCN ipsilateral to surgery (CX) and contralateral to surgery (CTL) in P7 mice. After 96 h of CX, a time when neuron loss in the AVCN reaches a maximum in P7 mice (Mostafapour et al., 2000) , images of cresyl violet-stained AVCN sections were acquired. The AVCN of P7 mice appeared to have more neurons on the side contralateral to CX (Fig. 5A ) versus ipsilateral to CX (Fig. 5B ). Mice pretreated with 11R-VIVIT showed less neuron loss between the AVCN contralateral to CX (Fig. 5C ) versus ipsilateral to CX (Fig. 5D) . Analysis of neuron number showed that pretreatment with the NFAT inhibitor 11R-VIVIT or FK506 significantly attenuates the percentage loss of AVCN neurons (Table 1, Fig. 5E ). The means in Figure 5E were also compared with 0.0 using a paired t test to determine whether CX-induced neuron death was statically abolished after treatment with NFAT inhibitor. Pretreatment with 11R-VIVIT or FK506 resulted in a percentage loss of AVCN neurons that is significantly different from 0.0. The results in Figure 5 demonstrate that, at age P7, significant loss of AVCN neurons results from 96 h of CX and that the CX-induced death of AVCN neurons is partly mediated by NFAT.
NFAT regulation of FasL
CaN-dependent activation of NFAT has been shown to result in upregulation of the death receptor ligand FasL (HoltzHeppelmann et al., 1998; Jayanthi et al., 2005) . FasL binds to its receptor Fas and triggers the Fas/FasL apoptotic death cascade (Suda and Nagata, 1994) that results in cleavage of DNA, which is detected by ApopTag-TUNEL. To determine whether CXinduced activation of NFATc4 and subsequent apoptosis of AVCN neurons is linked to the Fas/FasL death pathway, we examined the expression of FasL after CX at P7 when the cochlear nucleus neurons are susceptible to deafferentation-induced apoptosis. After CX for 1 h, the fold change of FasL mRNA expression in CX cochlear nuclei versus intact cochlear nuclei at P7 was measured with semiquantitative RT-PCR. In untreated mice, FasL mRNA expression was significantly increased after CX in both untreated and saline-treated animals. Pretreatment with 11R-VIVIT or FK506 eliminated the CX-induced increase of FasL mRNA expression (Fig. 6 A) . Figure 6 B shows the fold change in expression of Fas and FasL after deafferentation, demonstrating that the effect of CX on FasL gene expression is specific to FasL and not gene expression in general. In addition to using GAPDH as a housekeeping gene, two additional commonly used housekeeping genes (S15 and RPL3) were used to confirm the validity of GAPDH as a control and eliminate the possibility of an artifact-induced effect on FasL expression. With use of the alternative housekeeping genes, FasL had a significant increase in its mean fold change of expression. Fas had no significant mean fold change after deafferentation. Similarly, FasL protein expression was measured after 6 h of CX at P7 with Western blot analysis as shown in Figure 6C . Lanes 1-4 are of the nondeafferented cochlear nucleus tissue lysate from four separate animals, and lanes 5-8 contain the corresponding cochlear nucleus tissue lysate that underwent 6 h of CX (Fig. 6C , lanes 1 and 5 are from the same animal, as well as 2,6, 3,7, and 4,8) . The analyzed Western blot data are ratios of the level of FasL protein in CX/CTL and reflect a significant change in FasL protein expression after CX in both untreated and saline-treated animals (Fig. 6 D) . Blockade of NFAT activation by pretreatment with 30 mg/kg 11R-VIVIT abolished the CX-induced increase of FasL protein in vivo (Fig.  6 D) .
Together, these data indicate that NFAT-mediated transcription and translation of FasL result after CX. Furthermore, this suggests that the Fas/FasL death pathway may play a role in NFAT-mediated apoptosis of CX AVCN neurons during the critical period when they are vulnerable to CXinduced death.
Discussion
The susceptibility of AVCN neurons to deafferentation-induced death occurs during a short span of time during development, referred to here and in former works as a critical period (Tierney et al., 1997; Mostafapour et al., 2000) . Consistent with that reported by Mostafapour et al. (2000) , we have shown that mice at age P7 are within this critical period, but, by age P14 and certainly P21, the critical period is over and the survival of the neurons is no longer dependent on afferent input from the eighth cranial nerve. It is not known what differentiates AVCN neurons during the critical period from those outside of the critical period. The transcription factor NFATc4 is expressed in AVCN neurons both during and after the critical period. However, its activation exclusively occurs after deafferentation during the critical period (P7) and not after (P14 and P21). We show that the activation/nuclear translocation of NFATc4 after deafferentation of AVCN neurons is rapid (by 15 min) and lasts for up to 45 min by immunohistochemical analysis. However, our Western blots of fractionated lysates show that NFATc4 remains in the nucleus for Ͻ30 min. This is likely attributable to reduced detection of NFATc4 in the AVCN used for Western blots because of the inclusion of additional cell types (i.e., glial cells, which do not express NFATc4), whereas only the AVCN neurons were considered for immunohistochemical analysis.
During the critical period of deafferentation-induced death of AVCN neurons, activation of NFATc4 coincides with susceptibility to apoptosis as well as loss of neurons. Furthermore, inhibition of NFAT indicates that apoptosis and death of AVCN neurons during the critical period is significantly, although not entirely, dependent on the activation of NFAT. Even so, these data indicate that the mechanism through which NFATc4 is activated during the critical period may characterize, at least in part, what defines their susceptibility to deafferentation-induced death. Because activation of NFATc4 is a calcium-mediated event, there may be differences in calcium signaling or buffering after deafferentation during the critical period versus outside of the critical period.
NFAT proteins are specialized for sensing and responding to dynamic changes in intracellular calcium concentration because of their ability to rapidly translocate to and from the nucleus via the opposing activities of CaN and kinases (Loh et al., 1996) . As soon as 1 min after either a high but short or low but sustained increase in intracellular calcium concentration, NFAT can become activated and remain activated for several minutes after stimulation (Dolmetsch et al., 1997) . Therefore, the nature of the deafferentation-induced calcium signal remains to be determined in terms of duration, magnitude, and origin. The time course of NFATc4 activation necessary for NFAT-mediated transcription in neurons observed here is similar to a previous result reporting stimulation-induced (depolarization with 90 mM K ϩ ) nuclear translocation of NFATc4 in hippocampal neurons by 15 min with a duration of at least 60 min (but Ͻ120 min) and subsequent NFATc4-dependent gene transcription (Graef et al., 1999) . This is similar to our results in that we also show rapid activation of NFATc4 by 15 min after deafferentation. The duration of NFATc4 activation in our system is shorter (lasting 45 min rather than 60 -120 min), but our observations were made in a unique population of cells, in vivo, and under a different stimulus paradigm. Although it may seem paradoxical that NFATc4 activation in hippocampal neurons is stimulus dependent and the activation of NFATc4 in AVCN neurons occurs after deafferentation, one must remember that, in addition to source, important parameters dictating the effect of a calcium signal include duration, magnitude, and physical location (Franks and Sejnowski, 2002) , all of which may be similar or variable in the two experimental systems but obviously combine so as to result in a CaN/NFATc4 activating signal. In vivo deactivation of NFATc4 in AVCN neurons may be a more rapid process than that observed in cultured hippocampal neurons. Inhibition of NFAT resulted in inhibition of FasL transcript and protein expression, demonstrating that activation of NFATc4 for 45 min is sufficient to mediate the expression of FasL in AVCN neurons.
Genes transcribed by activated NFATc4 may lead to the eventual death of a subpopulation of deafferented AVCN neurons. Considering that FasL expression has been shown to be dependent on NFAT activation (Holtz-Heppelmann et al., 1998; Jayanthi et al., 2005) and that FasL results in activation of an apoptotic pathway (Suda and Nagata, 1994; Raoul et al., 1999; Raoul et al., 2002) , FasL is a good candidate for involvement in the mechanism of deafferentation-induced AVCN neuronal death. Although it is interesting to note that cell death in deafferented avian cochlear nucleus does not depend on changes in gene transcription (Garden et al., 1995) , it is difficult to make comparisons with the mechanisms of deafferentation-induced death in AVCN attributable to the incomplete understanding of the specific mechanisms underlying the death in either system. The presence and/or expression levels of NFATc4, Fas, and FasL are unknown in chick cochlear nucleus under normal conditions as well as after deafferentation. Additional studies are required to make a sound comparison between mechanisms of deafferentation-induced neuronal death in avian and murine cochlear nuclei.
FasL is a good candidate for involvement in the mechanism of deafferentation-induced AVCN neuronal death. Here, NFAT regulates the expression of FasL in AVCN neurons as indicated by the abolition of increased FasL expression by specific inhibition of NFAT activation. Additionally, apoptosis of deafferented AVCN neurons is shown to be partly dependent on activation of NFAT as suggested by the significant attenuation of apoptosis after inhibition of NFAT activation.
One mechanism by which upregulation of FasL can result in deafferentation-induced death of AVCN neurons is by inserting Figure 6 . Expression of FasL follows activation of NFATc4 and may play a role in deafferentation-induced NFAT-dependent apoptosis during a critical period of development. A, Data were obtained by semiquantitative RT-PCR. At P7, FasL mRNA expression is significantly increased 1 h after CX in normal (1.85 Ϯ 0.22; n ϭ 4; t ϭ 3.81; *p Ͻ 0.05) and saline-treated (sal) (1.73 Ϯ 0.15; n ϭ 3; t ϭ 4.93, *p Ͻ 0.05) animals. Pretreatment with 11R-VIVIT (VIV) (30 mg/kg) or FK506 attenuated the increase of FasL mRNA after CX. Means compared with 1.0 with paired t tests. B, Semiquantitative RT-PCR for both Fas and FasL demonstrating the specificity of CX-induced effects on gene transcription. The housekeeping genes S15 and RPL3 were used in addition to GAPDH to ensure that CX is not affecting the loading control. Fas had no significant mean fold change of expression. The mean fold change of FasL expression remained significant regardless of the housekeeping gene (GAPDH, 1.85 Ϯ 0.22, t ϭ 3.81, *p Ͻ 0.05; S15, 1.64 Ϯ 0.12, t ϭ 5.46, *p Ͻ 0.05; RPL3, 2.48 Ϯ 0.22, t ϭ 6.71, *p Ͻ 0.05). Means compared with 1.0 with paired t tests. C, FasL protein expression was measured after 6 h of CX at P7 with Western blot analysis. Western blot of nondeafferented cochlear nucleus tissue (lanes 1-4) and 6 h of CX cochlear nucleus tissue (lanes 5-8) into the cell membrane and binding to its receptor Fas, which is expressed on the membranes of adjacent neurons, subsequently triggering apoptosis in the Fas-expressing neurons. This is a potential mechanism, because Fas is endogenously expressed in mammalian cochlear nucleus tissue (Guan et al., 2005) , although its expression pattern in the cochlear nuclei of mice has not yet been characterized in detail. The level of expression of FasL may be the limiting factor that regulates the induction of apoptosis in AVCN neurons, which depends on activation of NFAT. Note that we hypothesize that the AVCN neurons with activated NFATc4 after deafferentation are not the neurons that die but the neurons that induce death in neighboring neurons that express Fas.
Previous research on the proto-oncogene bcl-2 supports our finding that NFAT-mediated expression of FasL after deafferentation is a likely contributor to the deafferentation-induced apoptosis of AVCN neurons because this hypothesis fits logically into previous studies that examine Bcl-2 not only in the context of the Fas/FasL death pathway but also in the context of activitydependent survival of neurons in the auditory system. Bcl-2 is an antiapoptotic protein that significantly inhibits Fas/FasL-mediated cell death (Itoh et al., 1993) . In addition, bcl-2 was also shown to inhibit apoptosis induced by NFAT-mediated expression of FasL (Srivastava et al., 1999) . Interestingly, overexpression of bcl-2 eliminated neuron death of deafferented AVCN during the critical period (Mostafapour et al., 2002) . This implies that bcl-2 may be inhibiting the upregulation of FasL expression that follows deafferentation of AVCN neurons that are beyond the critical period, ultimately preventing their death by suppressing the Fas/ FasL apoptotic pathway. Similarly, Harris et al. (2005) found, using microarray analysis, that AVCN from mice within the critical period express higher levels of transcript for proapoptotic genes than AVCN from mice beyond the critical period and, conversely, AVCN from mice beyond the critical period express higher levels of transcript for prosurvival genes than AVCN from mice within the critical period. This indicates a developmental "switch" in AVCN from a complement of cellular mechanisms favoring induction of an apoptotic pathway to a complement of mechanisms that prevent or eliminate the apoptotic pathways. Our data are consistent with this and suggest that NFAT may be a molecular mechanism underlying, in part, this developmental switch. Figure 7 is a schematic model of our hypothesis for CX-induced apoptosis of cochlear nucleus neurons during the developmental critical period for activitydependent survival. This hypothesis is consistent with the data presented in the current study as well as in previous reports. CX leads to an increase in intracellular calcium concentration that binds to and activates CaM. Calcium/CaM then binds to CaN, leading to rapid dephosphorylation, activation, and nuclear translocation of NFATc4 as shown by this study (Figs. 2-4 ). Activated/nuclear NFAT then induces expression of the death receptor ligand FasL (Fig. 6) , which contributes to the death of deafferented cochlear nucleus neurons by triggering the apoptotic death cascade (Figs. 1, 4 , 5) in neurons that express, either endogenously or deafferentation-induced, the death receptor Fas, perhaps only during the critical period. This is shown as a calcium-mediated process because inhibition of NFAT activation specifically via the calcium-mediated pathway eliminates increased FasL expression and attenuates neuronal death in vivo. Also, upregulation of bcl-2 is able to prevent CXinduced death of AVCN neurons, and we hypothesize that this is attributable to its ability to inhibit Fas/FasL-mediated apoptosis (Itoh et al., 1993) and, more specifically, its ability to inhibit NFAT-mediated death through FasL (Srivastava et al., 1999) . The events shown in Figure 7 that occur after deafferentation and up to the point of FasL expression have been shown in the current study or previously; the events beyond this that show the presence of Fas receptors on neighboring neurons and their activation- A proposed model for CX-induced apoptosis of cochlear nucleus neurons during a developmental critical period. After CX, NFATc4 is activated by Ca/CaM/CaN and translocates to the nucleus in which it mediates transcription and translation of the death receptor ligand FasL. We hypothesize that upregulation of FasL expression results in apoptosis of adjacent neurons that express the death receptor Fas. Bcl-2 may play a prosurvival role in this mechanism by inhibiting initiation of apoptosis via Fas/FasL. dependent apoptosis need to be further studied, as does the hypothesized role that Bcl-2 plays in this mechanism.
Classically, the role of NFAT is described in the context of lymphocyte function and its role in the immune system. Alternatively, this study provides an example of a role for NFAT in the plasticity of the nervous system, a role that is becoming more common (Groth and Mermelstein, 2003; Hernandez-Ochoa et al., 2007) . In summary, we have shown that NFATc4 is activated after deafferentation and that this event leads to increased FasL expression and apoptosis of cochlear nucleus neurons. These studies present convincing evidence for the involvement of NFAT in the deafferentation-induced apoptosis of deafferented AVCN neurons, but the specific cellular pathways remain to be elucidated. Regardless, this research provides a novel mechanism through which deafferentation-induced death of AVCN neurons and possibly other types of sensory neurons may occur.
